Bonded repair of composite structures still remains a major concern for the airworthiness authorities because of the uncertainty about the repair quality. This work, investigates the applicability of conventional Structural Health Monitoring (SHM) techniques for monitoring of bonded repair with ring-shaped low profile sensors. A repaired composite panel has been sensorized with two Ring-Shaped Polyvinylidene fluoride piezopolymer Sensors (RSPS) and a piezoelectric (PZT) transducer. An electromechanical impedance (EMI) and Lamb wave analysis have been carried out to check the sensitivity of these sensors to detect an artificially introduced damage simulating a disbond of the repair. The state of the repair have been successfully monitored and reported by both methods.
Introduction
Bonded composite repair has received considerable interest over the last decade due to several advantages over the traditional mechanically fastened repair. Bolted repairs add weight, stress concentrations due to drilling and reduce the overall aerodynamic profile of the structure. However the bonded composite repair is yet not certificated by the airworthiness authorities to be applied to primary structures due to possible failure of the bond line. Recent advances in SHM has resulted in increased interest for its application to composite patch repair ensuring continuous monitoring of the bond integrity and thus reducing the risk of catastrophic failures. Surface mounted PZT transducers can be used for detecting and identifying impact through passive sensing [1] [2] [3] and to detect and characterize the resulting damage via active sensing [4, 5] . In a study by Koh and Chiu [6] , the application of the impedance method and the transfer function method to detect disbonded repair were investigated through numerical studies. Pavlopoulou et al. [7] tested a composite scarf repair and an external repair patch with Lamb wave technique resulting in the structural status of the monitoring system as captured by digital image correlation. In another study [8] the authors monitored an aluminum helicopter stabilizer with a pre-introduced crack which was repaired with a bonded composite patch. The proposed damage index used for monitoring the repair was based on outlier analysis. Most of SHM techniques use PZT transducers because of their good piezoelectric properties and their acoustic impedance close to metals. Unfortunately piezoceramic material is brittle and can't be manufactured into complex shapes. The Polyvinylidene fluoride (PVDF), on the other hand, is a piezopolymer usually available in thin flexible films which makes it a good candidate for low profile sensors. Despite its piezoelectric properties being less attractive than PZTs, PVDF transducers are much higher strain sensitivity and can successfully be used as sensors for detecting damage with guided waves [9] . In this work, the applicability of conventional SHM techniques with RSPS to bonded repair patch has been presented: a repaired composite laminate is equipped with two of these sensors and a PZT transducer that will generate guided waves on the center of the repair. The RSPS are placed close to the repair edge where disbonds are likely to occur due to high peel stresses. An artificial damage is used to explore the capabilities of the setup in detecting damage in the bonded patch at different locations.
Experimental Set Up
The aim of this work is to assess the application of RSPS to monitor the health of a composite patch repair. The artificially damage in the structure is represented by adding mass with a synthetic rubber adhesive (blu-tack) on different locations under the repair. The repaired structure used in this study consists of a drilled composite panel and a circular composite patch repair adhesively bonded on the top. Both parent and repair are made of CFRP with a [0/+45/-45/90] s lay-up with a thickness of 2mm. The 200x200mm composite panel has been drilled in the center to simulate a damage removal (Ø8 mm). The composite patch repair has been manufactured by cutting a 50mm diameter disk with a water jet cutting machine. The patch is bonded on the center of the parent thanks to the epoxy-based adhesive Araldite 2011. The specimen is equipped with two types of piezo-transducers: a PZT transducer (PI 255 manufactured by PI ceramics) on the center of the repair patch and two laser cut ring-shaped PVDF films, RSPS (100µm thickness). The first RSPS is bonded on the patch and follow its edge (Ø40-Ø50mm, named RSPS1) while the second is on the parent and around the repair (Ø60-Ø80mm, named RSPS2) as shown on Fig 1 (a) . A synthetic rubber adhesive (blu-tack) is located under the repair (Fig 1 (b) ) to simulate a defect on different locations at a time: under the patch (1), under the repair edge (2), under the second RSPS (3) and under the parent (4) as shown on Fig 1 (c) . These four locations describe 4 states of the repaired panel that will be investigated. Two SHM techniques are used to monitor the structure: a Lamb wave and an electromechanical impedance analysis. Both are comparing the response of the repaired panel between the pristine and the damaged states. For the guided wave analysis, 100 measurements have been recorded for each state (500 total) with a data logger NI PXI-5105, the actuation signal was a 5-cycle Hanning window with 300 kHz central frequency. The EMI response of the 2 RSPSs and the PZT have been measured 10 times per state between 20Hz and 50MHz with an Impedance Analyzer E4490A from Keysight Technologies.
Results and Discussion
In order to compare each damaged states with the pristine state, the detection algorithm which is used here is a Damage Index (DI), based on the root mean square deviation (RMSD) of the baseline signal and the damaged signal. For this study, the first measurement of both EMI and Lamb wave techniques is considered as the baseline. The aim of this study is to investigate the sensitivity of RSPS sensors to detect damage at different locations with two types of analysis by comparing the damage index values of the pristine state (1-100 sample number for lamb wave analysis, 1-10 for EMI analysis). Lamb Wave analysis: Two different paths can be used: PZT->RSPS1 and PZT->RSPS2. The results are shown on Fig 2. It can be concluded that RSPS1 is able to detect the artificial damage on the first two positions: the damage on position 1 is easily detected while on the position 2 the effect on the wave propagation is less important hence a reduced damage index. RSPS2 signals show great
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Advances in Fracture and Damage Mechanics XVI results for positions 1 and 2 as well, the damage on positions 3 and 4 increases the damage index but the change is less pronounced. The response of RSPS2 is noisier, one of the reason can be that RSPS1 doesn't suffer from the change in thickness in the propagation path thus its signals have higher amplitudes than RSPS2's.
(a) RSPS1 Damage index (b) RSPS2 Damage index Figure 2 . Lamb wave analysis results
EMI analysis:
In this study, the RMSD damage index was not able to show any difference between any location for the whole impedance frequency range (20Hz, 50MHz), but on the other hand, if the frequency domain is reduced to (1.5MHz, 3MHz), as shown on Fig 3, the damage is successfully detected on every locations with both RSPS1 and RSPS2. The damage index is quite similar between the two sensors for the first 3 positions, while on the last one RSPS2 impedance changes are more pronounced. On both cases, a simple threshold value is enough to detect the damage at each location.
(a) RSPS1 Damage index (b) RSPS2 Damage index Figure 3 . EMI analysis results
Summary
The results of the experimental test carried out on bonded composite patch repair shows that RSPS can be used for monitoring the bonded patch. Both EMI and Lamb wave analysis were successful in detecting an artificial damage in different configurations with these sensors.
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